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The plant Golgi apparatus and trans-Golgi network are major endomembrane trafﬁcking
hubs within the plant cell and are involved in a diverse and vital series of functions to main-
tain plant growth and development. Recently, a series of disparate technical approaches
have been used to isolate and characterize components of these complex organelles by
mass spectrometry in themodel plantArabidopsis thaliana. Collectively, these studies have
increased the number of Golgi and vesicular localized proteins identiﬁed bymass spectrom-
etry to nearly 500 proteins.We have sought to provide a brief overview of these technical
approaches and bring the datasets together to examine how they can reveal insights into
the secretory pathway.
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BACKGROUND
At its simplest level, subcellular proteomics attempts to identify
all proteins in a particular compartment. However, even with
such a basic deﬁnition in mind, the Golgi proteome presents con-
ceptual difﬁculties; functional proteins in the Golgi may also be
functional elsewhere (Ondzighi et al., 2008), whilst endoplasmic
reticulum (ER)–Golgi connections (Boevink et al., 1998) makes
absolute divisions between the proteomes of these compartments
somewhat futile. A number of proteins are known to form func-
tional associations on the cytoplasmic face of cisternae but are
part of the cytosol (Ito et al., 2011), so the very deﬁnition of the
Golgi proteomes is problematic. Furthermore, in such an architec-
turally heterogeneous organelle, simply identifying all the proteins
present in the Golgi is not that helpful unless we can classify
them according to sub-Golgi location, post-Golgi compartments,
cargo, resident, or dual-localized proteins. The plant Golgi poses
a challenge in terms of isolation, not least because of its frag-
mented morphology. In mammalian cells Golgi stacks tend to be
less numerous per cell with fewer, longer cisternae which are less
tightly associatedwith the ER and could be relatively easily isolated
(Morre andMollenhauer, 2009). Excepting highly conserved path-
ways such as protein N-linked glycan processing, few similarities
exist between plant and mammalian Golgi. Thus assuming Golgi-
residency between the two systems based on homology alone is
not possible. Earlier work on Golgi from rat liver was therefore
of limited help either in terms of providing an isolation strat-
egy or a comprehensive bank of marker proteins (Taylor et al.,
1997). The plant Golgi is much less structurally deﬁned during
and after cell homogenization than, for example, plastids or mito-
chondria. Consequently, quality control of and improvements to
isolation strategies have been tricky and therefore purity limited
when using sucrose density centrifugation strategies (Morre and
Mollenhauer, 1964). In short, it is easy to understand why progress
in Golgi proteomics has trailed behind other subcellular compart-
ments in plants. In light of the shortcomings of sucrose density
centrifugation for plant Golgi puriﬁcation, two more technical but
very different approaches have been successfully applied, namely
localization of organelle proteins by isotope tagging (LOPIT) and
free-ﬂow electrophoresis (FFE). The LOPIT approach does not
distinguish between Golgi and the trans-Golgi network (TGN)
localized proteins but identiﬁes resident proteins (Dunkley et al.,
2004, 2006; Nikolovski et al., 2012), whilst the FFE approach iden-
tiﬁed proteins in fractions of puriﬁed Golgi, that were estimated
to be enriched in medial Golgi cisternae (Parsons et al., 2012a).
Immunoisolation of compartments has recently been used to great
effect in separating components of the TGN, enabling compara-
tive proteomics at the sub-Golgi level (Drakakaki et al., 2012).
Characterization of Golgi-enriched fractions has been attempted
in various plant systems (Tanaka et al., 2004; Asakura et al., 2006;
Mast et al., 2010), major, large-scale proteomic characterizations
have exclusively occurred in the model plant Arabidopsis thaliana.
AN OVERVIEW OF THE Arabidopsis GOLGI–TGN PROTEOMES
Initial attempts to characterize theArabidopsis Golgi by mass spec-
trometry were undertaken nearly a decade ago with the aim of
distinguishing between ER- and Golgi-resident proteins (Dunkley
et al., 2004). The LOPIT approach involves quantitative mass spec-
trometry of proteins labeled with isotope tags. A cell homogenate
separated along a linear gradient is fractionated and pairwise com-
parisons of fractions allow abundance ratios of isotope masses to
be calculated for each protein. Proteins physically located in the
same compartment will have similar ratios and so cluster together
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during partial least squares discriminant analysis (Figure 1). Using
LOPIT, 89 proteins were initially localized to the Golgi (Dunkley
et al., 2006) but the requirement that proteins carry all four tags
limited the number of proteins for which a statistically credible
localization could be assigned. Recent reanalysis and analysis of
existing and new datasets, incorporating values for “missing” tags
assigned using partial least squares regression models and training
sets based on fully tagged proteins, enabled the collective local-
ization of 204 proteins to the Golgi/TGN (Dunkley et al., 2006;
Nikolovski et al., 2012).
Although a major motivation for the development of LOPIT
was the difﬁculty in separating the Golgi, particularly from ER
contaminants, a recent study has managed to isolate Golgi vesi-
cles with an estimated 80% purity based on protein composition.
This was achieved using a combination of sucrose density cen-
trifugation and FFE (Parsons et al., 2012a). The power of FFE for
organelle isolation was demonstrated in plants several years ago
when applied to the separation of mitochondria and peroxisomes,
two organelles which are typically hard to separate using density
centrifugation alone (Eubel et al., 2008). As separation by FFE is
dependent on surface charge, the Golgi, which carries a more neg-
ative surface charge than ER vesicles andmost other contaminants,
is amenable to separation using this technique, which resulted in
371 proteins being localized to the Golgi (Figure 1).
A dissection of the complexity of the Golgi proteome was
recently attempted using immunoisolation of speciﬁc TGN traf-
ﬁcking populations. Afﬁnity puriﬁed TGN compartments from
plants expressing a syntaxin from plants (SYP61)-CFP construct
were enriched for the TGN by sucrose density centrifugation then
exposed to anti-FP antibodies coupled to agarose beads and ana-
lyzed by mass spectrometry (Drakakaki et al., 2012). Although
widely used in mammalian systems, application of this approach
in plants was precedential. The technique was able to identify
145 proteins from afﬁnity puriﬁed samples of SYP61 vesicles,
providing the foundation of a TGN proteome in plants.
THE SIZE OF THE PLANT GOLGI PROTEOME
In total, 452 proteins have been characterized by mass spec-
trometry to the Golgi apparatus and 145 to the TGN from the
model plant Arabidopsis. An ever-present question in subcellular
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FIGURE 1 | Overview of the three different techniques employed
in proteomic characterization of theArabidopsis Golgi andTGN.
(A) Clustered proteins in LOPIT studies were assigned to the Golgi
according to co-clustering with known and predicted Golgi marker proteins
(for details, see Dunkley et al., 2004, 2006; Nikolovski et al., 2012).
(B) FFE puriﬁed fractions were estimated at ca. 80% purity according
to the proportion of previously localized Golgi proteins and contaminants
present in each fraction; based on experimental data in SUBA
(Heazlewood et al., 2007; for details, see Parsons et al., 2012a,c).
(C) Isolation of SYP61 vesicles by afﬁnity puriﬁcation. Successful
removal of contaminants during immunoisolation was assayed by
the presence of the ER/cis-Golgi marker, BiP, and the prevacuolar
compartment marker SYP21 (for details, see Drakakaki et al., 2012;
Parsons et al., 2012c).
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proteomics concerns the total number of proteins present in an
organelle. Given the residential/transitory deﬁnitions raised above,
this is an especially difﬁcult question to answer in the case of the
Golgi and TGN, since proteins with ambiguous localization pro-
ﬁle cannot be clearly assigned to a particular sub-compartment.
Therefore dual-localized but Golgi-functional proteins or those at
the cis-Golgi extremity will potentially be excluded from many
analyses. Given the extensive subcellular localization data in
the model plant Arabidopsis and the collection of subcellular
prediction algorithms that are outlined in the SUBA database
(Heazlewood et al., 2007), it is possible to make an estimation
of the size of an organelle proteome based on an experimentally
determined collection (Ito et al., 2011). Collectively, 491 pro-
teins (excluding the deﬁned cargo proteins) have been localized to
the Golgi/TGN proteomes (Dunkley et al., 2006; Drakakaki et al.,
2012; Nikolovski et al., 2012; Parsons et al., 2012a) and 145 pro-
teins to theGolgi/TGNbyﬂuorescentmarker studies (Heazlewood
et al., 2007). In total 575 unique proteins have been experimentally
localized to the Golgi/TGN. Of the 22 subcellular prediction algo-
rithms that have been applied to the entire Arabidopsis proteome,
14 provide a “Golgi” prediction output (Table 1).
Employing the relational capabilities of the SUBA database, it
is possible to compute a size estimate of the Golgi/TGN proteome
based on each algorithms performance. The overall performance
of each prediction program can vary considerably with regard
to the total predicted “Golgi” proteins in Arabidopsis (contrast
AdaBoost, 66 Golgi and PProwler, 8885 Golgi) and positive pre-
diction rate of the experimental proteome (contrast AdaBoost
<1% and PProwler >50%). However, after calculating false posi-
tive and false negative rates for each program, the ﬁnal predicted
Golgi proteomes are remarkably similar. Based on this analysis, the
Arabidopsis Golgi/TGN proteome is estimated to be 2239 ± 465,
employing the average of the predicted proteomes of these 14
subcellular prediction programs.
USING THE PROTEOME: WHAT ARE THE ROLES OF
UNCHARACTERIZED PROTEIN FAMILIES?
A number of large gene families have been identiﬁed by both the
FFE and LOPIT studies (Nikolovski et al., 2012; Parsons et al.,
2012a). The quantitative mass spectrometry performed when
applying LOPIT (Nikolovski et al., 2012) and spectral counts
from FFE isolates (Parsons et al., 2012a), combined with local-
ization data (Heazlewood et al., 2007), provide an important
starting guide as to which members of these large families are
major components and should be initially investigated in future
studies.
The cyclophilin-like peptidyl-prolyl cis–trans isomerase fam-
ily is consistently represented in the Golgi proteomes. These are
known to catalyze conversion of cis to trans conformation of pep-
tide bonds preceding prolyl residues in newly synthesized peptides
(Chou and Gasser, 1997). In plants, they are classically associated
with the thylakoid lumen where they are thought to help protein
folding and assembly of photosystem complexes although their
exact role is not clear (Ingelsson et al., 2009). The cyclophilins
found by both FFE and LOPIT approaches (Nikolovski et al., 2012;
Parsons et al., 2012a) localize either exclusively to the Golgi or are
dually localized to the Golgi and plasma membrane (Dunkley
et al., 2006; Benschop et al., 2007; Marmagne et al., 2007; Par-
sons et al., 2012a), implying a secretory-speciﬁc function, although
no cyclophilins were found during immunoisolation of the TGN
(Drakakaki et al., 2012).
The prenylated RAB acceptor B2 (PRA1.B2, AT2G40380)
is found in both Golgi proteomes (FFE and LOPIT) but not
the TGN, implying involvement with cisternal-speciﬁc interac-
tions and vesicle docking. Examining proteins present uniquely
in the TGN, besides those involved in trafﬁcking such as the
RAB GTPases, soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors (SNARE; Blatt et al., 1999; Surpin and
Raikhel, 2004), transport protein particle (TRAPP) components
(Barrowman et al., 2010) or present as cargo, e.g., speciﬁc cel-
lulose synthase A (CESA) subunits (Paredez et al., 2006), one
endomembrane protein/transmembrane 9 protein (EMP/TMN9)
and two S-adenosyl-L-methionine-dependent methyltransferases
appear to stand out. Most EMP/TMN9 proteins are found in the
Golgi cisternae: 11 members from a total of 12 were identiﬁed in
FFE-puriﬁed samples (Parsons et al., 2012a) and 10 during LOPIT
studies. EMP/TMN9 proteins interact with COPI and COPII pro-
teins andmembrane proteins destined for post-Golgi locations but
are only recently studied in plants (Gao et al., 2012). The presence
of two EMP/TMN9 proteins in both the Golgi and TGN implies
trans-Golgi localization. With only one EMP/TMN9 identiﬁed
uniquely in the TGN,members of the family may fulﬁll niche roles
in trafﬁckingdepending on their location along theGolgi stack and
are likely interesting subjects for future study. Apart from QUA2
(Mouille et al., 2007), a pectinmethyltransferase in the S-adenosyl-
L-methionine-dependent methyltransferases superfamily, no clear
function has been assigned to any other members of this family
of proteins in plants. The S-adenosyl-L-methionine-dependent
methyltransferases which include QUA2 are prevalent in the Golgi
and Golgi/TGN proteomes. A total of 20 were identiﬁed by LOPIT,
15 by FFE, and 3 in SYP61, resulting in 22 distinct proteins from
this family (Drakakaki et al., 2012; Nikolovski et al., 2012; Par-
sons et al., 2012a). One member, AT5G64030, has been found in
the plasma membrane proteome (Mitra et al., 2009; Zhang and
Peck, 2011), so could conceivably function there. Assuming that
all family members perform some kind of polysaccharide methy-
lation, proteomic comparisons could be used to reveal late-acting
enzymes in cell wall biosynthesis such as these examples.
Many functionally important Golgi proteins may actually be
the sole members of their protein family. Of the 111 proteins not
assigned to a functional protein category in the FFE proteome, 30
were also identiﬁed by LOPIT studies and many different protein
families were represented. Amongst datasets such as these, dataset
overlaps can provide a means to shortlist potentially important
proteins about which little information is available.
Interestingly, although the proteomes comprised by the LOPIT
studies and Parsons et al. (2012a) were both derived from sim-
ilar starting tissues, a number of proteins are found in Parsons
et al. (2012a) but not LOPIT studies and vice versa. Parsons
et al. (2012a) identiﬁed more proteins overall and results included
cargo proteins, unlike in LOPIT studies. Nevertheless after
eliminating those annotated by Parsons et al. (2012a) as either
transient or involved in protein synthesis, 81 proteins identiﬁed
by LOPIT are not found in Parsons et al. (2012a) and 205 are in
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Parsons et al. (2012a) but not LOPIT.No clear pattern, e.g., protein
abundance, exists between the proteins observed in either study;
most probably differences arise from variations in methodologies,
highlighting the value of multi-facetted approaches to proteomic
characterization of the Golgi.
WHAT IS MISSING FROM THE EXPERIMENTAL GOLGI
PROTEOME?
Speciﬁc questions concerning what has not been identiﬁed so far
are obviously difﬁcult to answer but they can be addressed in
part by examining what sorts of protein have been localized by
ﬂuorescent tagging but not identiﬁed by subcellular proteomic
techniques. Fluorescent localization of proteins is generally moti-
vated by interest in a speciﬁc protein and so is more likely
to represent low-abundant polypeptides. It therefore provides
an initial guide to the completeness of subcellular proteomic
approaches.
Notably absent from proteomic surveys, but localized to the
Golgi stack by ﬂuorescent tagging are the Golgins and GRIP
domain proteins (Latijnhouwers et al., 2007). Several glycosyl-
transferases such as cellulose synthase-like D5 (CSLD5; Bernal
et al., 2007), rhamnogalacturonan II xylosyltransferase (RGXT) 1
and 2 (Egelund et al., 2006), irregular xylem 9 (IRX9; Pena et al.,
2007), reversibly glycosylated polypeptide (RGP)1–4 (Drakakaki
et al., 2006; Rautengarten et al., 2011), galacturonic acid trans-
ferase like (GATL) members from the GT8 family and a number
of small GTPases are also either absent or poorly represented.
Common methodological steps between these technically very
different proteomes may in part explain these absences. Both
the FFE and LOPIT approaches (Nikolovski et al., 2012; Parsons
et al., 2012a) used cell suspension cultures whilst the immunoiso-
lation approach (Drakakaki et al., 2012) used 14-day-old liquid
grown plantlets as the starting tissue, meaning that all proteomes
were based on primary cell wall-rich tissue. This may explain
the absence of CSLD5 and IRX9, which are both implicated in
secondary cell wall biosynthesis and localized to the Golgi stack
(Bernal et al., 2007; Lee et al., 2007). RGXT1 and 2 may have been
also have been missed because of tissue-speciﬁc or low expres-
sion (Egelund et al., 2006). Members of the GATL clade, although
localized to the Golgi stack (Kong et al., 2011), are absence from
all Golgi proteomes, which could point toward some speciﬁc spa-
tial or temporal function of these glycosyltransferases. Golgins
are Golgi matrix proteins with coiled coil domains that typi-
cally locate to the cis- and trans-extremities of the Golgi stack
and cisternal peripheries. They are involved in regulation of stack
architecture and tethering events during trafﬁcking (Osterrieder,
2012). Their location to cis- or trans-extremities of the Golgi stack
may have precluded detection (Nikolovski et al., 2012; Parsons
et al., 2012a). Peripheral golgins and those with GRIP domains
which localize to the TGN, have no predicted transmembrane
domain and appear to be recruited from the cytosol by inter-
actions with small GTPases. Their absence from either the Golgi
or the SYP61 proteome (Drakakaki et al., 2012) may be due to
carbonate washes used to remove cytosolic contaminants and/or
centrifugation steps. Electron micrographs taken during FFE iso-
lation procedure (Parsons et al., 2012a) show loss of vesicles from
cisternal edges inwithprogressive centrifugation steps. Twoof four
data sets used in the LOPIT approach (Nikolovski et al., 2012) had
been subjected to carbonate washes resulting in reduced periph-
eral proteins. This may explain why no RGPs have been detected,
as these are peripheral membrane associated proteins (Delgado
et al., 1998).
Several RAB GTPases have been localized by ﬂuorescent pro-
tein assay to the Golgi stack (Batoko et al., 2000; Feraru et al.,
2012). LOPIT approaches have identiﬁed two RAB GTPases local-
ized to the Golgi, ﬁve were found by FFE puriﬁcation (Parsons
et al., 2012a) and 19 by immunoisolation (Drakakaki et al., 2012).
RAB GTPases are involved in cargo-vesicle docking (Woollard and
Moore, 2008) and are not Golgi-residents. This likely explains why
fewer were present in the LOPITGolgi proteome (Nikolovski et al.,
2012). Step gradients employedprior to FFEpuriﬁcations (Parsons
et al., 2012a) were designed for maximal cisternal enrichment at
the cost of small vesicles, so as tominimize ER contaminationprior
to FFE. This exempliﬁes the role of methodology in these techni-
cally diverse proteomes and shows how removal of contaminants
may risk removal of Golgi-associated proteins.
Judging from these inconsistencies between the subcellular pro-
teomics data and ﬂuorescent protein localizations, it is clear that
Golgi proteomics must be applied to other tissue types if the pro-
teome is to be“completed.”This presents an even greater technical
challenge as young, softer tissues are more easily homogenized to
maintain Golgi stack integrity (Morre and Mollenhauer, 2009).
However, useful informationmay be gleaned from less pure prepa-
rations using tougher, challenging tissue types, or preparations
which are less pure but containsGolgi-associated andGolgimatrix
proteins, as there is now a sufﬁciently broad base of proteins from
which to compile ever more extensive markers and training sets.
SUB-GOLGI PROTEOMICS AND THE GOLGI IN AN
ENDOMEMBRANE CONTEXT
Comparative analyses such as those discussed above can now be
formulated since a post-Golgi compartment has been character-
ized. The potential for distinguishing resident and cargo Golgi
components can also be applied. Almost 30%of proteins identiﬁed
in the TGN proteome comprise non-Golgi proteins as determined
by the LOPIT approach (Drakakaki et al., 2012; Nikolovski et al.,
2012). It is conceivable that with a few more post-Golgi com-
partments characterized, many of the endomembrane proteins
currently assigned to multiple locations (Heazlewood et al., 2007)
could be reassigned and more light shed on the various pro-
tein cycling routes through the secretory pathway. This could be
reasonably achieved in a number of ways. For the smaller compart-
ments such as endosomal compartments, the immunoisolation
approach (Drakakaki et al., 2012) would hold the most promise as
a number of syntaxin proteins known to associate with this com-
partment have been identiﬁed (Sanderfoot and Raikhel, 1999).
Such an approach may not be appropriate for isolating individual
cisternae from the main stack as trafﬁcked proteins destined for
later cisternae and TGN may also be detected by antibodies, whilst
stack architecture could prove too complex for such an approach.
Several fractions containing a high proportion of known Golgi
proteins were not included in the FFE proteome owing to slightly
higher level of contaminants. The number of fractions in which
over 25% of proteins had been localized to the Golgi by LOPIT
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studies suggest partial electrophoretic separation of cisternae may
have been occurring during the isolation process (Parsons et al.,
2012a,b). A collection of sub-Golgi markers have been charac-
terized (Saint-Jore-Dupas et al., 2006), so if proteins from FFE
fractions could be accurately quantiﬁed proﬁles of co-migrating
proteins could be created to enable sub-Golgi differentiation.
CONCLUDING REMARKS
Although one of the most technically challenging organelles to
isolate, a diversity of technologies have led to two Golgi proteomes
and one proteome of TGN vesicles, resulting in nearly 500 pro-
teins now localized to theGolgi and/orTGNbymass spectrometry.
As the hub of protein trafﬁcking, its proteome is best understood
within the context of other proteomes; comparisons between these
compartments bring anew level of understanding toproteindistri-
bution through the endomembrane system and show the potential
for expansion through proteomic analysis of other post-Golgi
compartments. It is estimated here that only about 20% of Golgi
proteins have been identiﬁed thus far by mass spectrometry. So far
all studies have been carried out in rapidly dividing, developing
tissue (either cell suspension culture or liquid-grown plantlets).
Exploration of other tissue types is needed to increase the cov-
erage of the Golgi proteome. Efforts must also be concentrated
in getting the proteomes of cis-, medial-, and trans-Golgi sub-
compartments and speciﬁc vesicle populations. This will incur
further technical challenges but will help identify more lowly
expressed proteins and provide invaluable insight into plant Golgi
functions.
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